BACKGROUND AND PURPOSE: Language task-based functional MRI (fMRI) is increasingly used for presurgical planning in patients with brain lesions. Different paradigms elicit activations of different components of the language network. The aim of this study is to optimize fMRI clinical usage by comparing the effectiveness of three language tasks for language lateralization and localization in a large group of patients with brain lesions. METHODS: We analyzed fMRI data from a sequential retrospective cohort of 51 patients with brain lesions who underwent presurgical fMRI language mapping. We compared the effectiveness of three language tasks (Antonym Generation, Sentence Completion (SC), and Auditory Naming) for lateralizing language function and for activating cortex within patient-specific regions-of-interest representing eloquent language areas, and assessed the degree of spatial overlap of the areas of activation elicited by each task. RESULTS: The tasks were similarly effective for lateralizing language within the anterior language areas. The SC task produced higher laterality indices within the posterior language areas and had a significantly higher agreement with the clinical report. Dice coefficients between the task pairs were in the range of .351-.458, confirming substantial variation in the components of the language network activated by each task. CONCLUSIONS: SC task consistently produced large activations within the dominant hemisphere and was more effective for lateralizing language within the posterior language areas. The low degree of spatial overlap among the tasks strongly supports the practice of using a battery of tasks to help the surgeon to avoid eloquent language areas.
Introduction
Preservation of neurologic function correlates strongly with the quality of life and overall survival, 1 so it is a critical goal of neurosurgical planning. Blood oxygen level-dependent functional magnetic resonance imaging (BOLD fMRI) allows noninvasive identification of eloquent cortex involved in language, motor, visual, and sensory functions, and it is increasingly used in presurgical risk assessment and planning to reduce the rate of postoperative functional deficits. 2 Language function involves a complex network of brain structures with widespread representation in both hemispheres. 3 The use of multiple paradigms has been advocated for clinical purposes 4 because the location and degree of recruitment of different cortical structures vary with both individual functional anatomy and fMRI paradigm. 5, 6 Understanding the differences between paradigms is essential for rationally selecting a standardized battery of tasks. In 2017, in the light of evidence available on the commonly used paradigms, [7] [8] [9] the American Society of Functional Neuroradiology published two sets of language tasks that balanced ease of application and clinical usefulness. 10 The recommendation for adult clinical fMRI comprises Sentence Completion (SC), Silent Word Generation, Rhyming, Object Naming, and/or Passive Story Listening. The pediatric recommendation consists of SC, Rhyming, Antonym Generation (AG), or Passive Story Listening. Despite this, striking variability persists across centers. 11, 12 For brain lesions close to the putative language areas, the risk of postoperative deficits significantly increases when surgery involves the dominant hemisphere, thus, it is important to determine the dominant hemisphere for surgical planning. 13, 14 Previous studies comparing different tasks have focused on the determination of the language lateralization in healthy subjects 15 and epilepsy patients. 16, 17 One study in brain tumor patients suggested that the expressive paradigms gave more valid results for language lateralization. 8 Other studies comparing tasks for language localization used only healthy subjects' data. 7, 18, 19 The only study that compared three tasks in brain tumor patients focused on the interobserver variability for the interpretation of the fMRI language maps. 20 In this study, we evaluated the variations among three widely used tasks in their effectiveness for localizing and lateralizing language function in 51 neurosurgical patients with focal brain lesions. Spatial overlap between the language maps was also assessed. Our goal was to identify the similarities and differences across the language maps derived from these tasks in individual patients, in order to better interpret presurgical fMRI results. In fact, a more thorough understanding of the activation patterns of these paradigms can help decide which task to prioritize, or which one should be considered more robust. To our knowledge, this is the first comparative study of fMRI language task paradigms in a large cohort of patients with brain lesions.
Methods Patients
We retrospectively examined all fMRI data from the patients who underwent language fMRI at our institution (Brigham and Women's Hospital, Boston, MA) between September 2014 and July 2016 (228 patients); 59 patients performed all three language tasks, i.e., SC, AG, and Auditory Naming (AN). Eight patients had nondiagnostic scans due to motion or other artifacts (6 patients) or poor task compliance (2 patients). The remaining 51 patients were included in this study (29 males, 22 females, mean age = 49.33 ± 16.3 years (mean ± standard deviation), range: 21-78 years).
The population included patients with primary brain tumors (27 patients including 1 meningioma, 6 low-grade gliomas, and 20 high-grade gliomas), metastases (4 patients), vascular malformations (4 patients), infections (1 patient), and cortical dysplasia or malformations (15 patients). Thirty-eight lesions were in the left hemisphere and 13 lesions were in the right hemisphere. Among the 31 patients with either primary or metastatic brain tumors, 24 patients had left-sided tumors (8 frontal, 9 temporal, 4 parietal, 1 occipital, and 2 insular), and 7 patients had right-sided tumors (3 frontal, 1 temporal, 2 parietal, and 1 intraventricular). All patients were English speakers. Forty patients were right-handed, 8 were left-handed, and 3 were ambidextrous. Handedness was determined by the Edinburgh Handedness Inventory (EHI) 21 in 42 patients. In 9 patients, who did not complete the EHI, handedness was retrieved from clinical records. The Partners Institutional Review Board approved the study and all patients provided written informed consent.
Image Acquisition
fMRI was performed on 3.0 Tesla Scanners (Siemens Verio, Trio & Skyra Systems, Munich, Germany). Acquisition parameters were optimized for each individual scanner hardware and software. Single-shot gradient echo-planar imaging was used to acquire BOLD functional images (repetition time (TR) = 2,000 milliseconds, echo time (TE) = 30-40 milliseconds, flip angle = 85-90°, no slice gap, field of view = 22-25.6 cm, acquisition matrix = 64 × 64 or 128 × 128, voxel size = 1.88 × 1.87 × 4 or 1.88 × 1.87 × 5 mm 3 , 24-33 axial slices, ascending interleaved sequence). During the same scanning session, T2-weighted 3-dimensional axial images were routinely acquired for better visualization of nonenhancing lesions (TR = 2,000-3,000 milliseconds, TE = 232-448 milliseconds, flip angle = 120°, matrix = 256 × 256 or 320 × 320, voxel size = 0.8 × 0.8 × 1.2 or 1 × 1 × 1 mm 3 , 144-192 axial slices).
Behavioral Paradigms
All patients performed three block-design language tasks (Table 1) and were asked to give nonvocalized responses to limit head motion. The SC task is a visually presented paradigm, which stimulates word retrieval, reading comprehension, attentional and semantic processes, and recruits both receptive and expressive language function. 22 The AG task is a visually presented paradigm, which stimulates phonologic, working memory, lexical search, semantic, and orthographic processes involved with speech and language function. 10, 23 The AN task is an auditorily presented paradigm, which recruits receptive and expressive language regions, in addition to task-specific auditory cortex within Heschl's gyrus. 24 In our clinical practice, these tasks were most often presented in following predetermined order: SC, AG, and AN.
Task paradigms were displayed using a Food Drug and Administration approved hardware (NordicNeuroLab, Bergen, Norway), and the stimuli were synchronized with the MRI trigger pulse.
Image Processing
MR images were processed using NordicBrainEx software (NordicNeuroLab, Bergen, Norway). Functional images were coregistered to the 3-dimensional T2-weighted images and visually inspected for accuracy. This was followed by motion correction, spatial smoothing (6 mm full-width-half-maximum Gaussian kernel), and high-pass filtering (128 seconds). The general linear model approach was applied to analyze the data. 25 In the first-level single-subject analysis, an estimate of the canonical hemodynamic response function was used as the basis function with the task and baseline conditions explicitly modeled. Following current guidelines, 26 functional maps were thresholded for clinical interpretation by one neuroscientist for all patients.
Generation of Patient-Specific Language Regions-of-Interest
Patient-specific language regions-of-interest (ROIs) were generated from brain regions corresponding to the canonical anatomical regions of Broca's and Wernicke's areas. 3, 27, 28 The anterior language ROI was defined as the union of pars opercularis, pars triangularis, and pars orbitalis of the left inferior frontal gyrus (Brodmann Areas [BAs]: 44, 45, and 47). The posterior language ROI was defined as the union of angular gyrus, supramarginal gyrus, and the posterior half of the superior temporal gyrus of the left temporoparietal cortex (BAs: 22, 39, and 40). Homologous ROIs in the right hemisphere were also created. 29 The ROIs were defined in the Montreal Neurological Institute space and constructed from the Talairach Daemon database, 30 using the WFU Pick Atlas software (Version 1.04, Wake Forest University, Winston-Salem, NC). 31 A "reverse" spatial normalization procedure 32 was then performed on these ROIs to generate the patient-specific language ROIs, using the SPM12 software (Wellcome Trust Center for Neuroimaging, University College London, London, UK) (Fig 1 shows an example patient's ROIs). Briefly, the T2 image of each patient was fed into the Segment module in SPM12, where an inverse matrix was derived from the spatial normalization procedure embedded in the module. This inverse matrix was used to transform the standard ROI images into the patient's own brain space. The resulting patient-specific ROIs were then overlaid onto the patients' structural image to confirm their structural accuracy by visual inspection.
Comparison Metrics
The activation volume within each language ROI was measured for each task using 3D Slicer software 33 (www.slicer.org), and then normalized to the total volume of the corresponding ROI to generate a normalized activation volume (NAV) for comparison across patients and tasks.
The laterality index (LI), which represents relative recruitment of the left and right hemispheres toward language function, 17 was calculated separately within the anterior and posterior language ROIs.
where NAV L refers to the NAV within the left ROI and NAV R refers to the NAV within the right ROI. Based on the LI results, language lateralization was classified as left
. 34 The agreement between the language lateralization from the fMRI maps and that from the clinical report was assessed. The clinical report was generated by a neuroradiologist who inspected all three language maps separately and reported an overall clinical interpretation of language lateralization for each patient.
To evaluate the spatial overlap between the language maps, the Dice coefficient was calculated within the anterior and posterior ROIs separately for each task pair. 35 Dice coefficient = 2 * (V overlap)
where V overlap represents the overlapping activation volume of the task pair, and V1 and V2 refer to the activation volume of task 1 and 2, respectively. The Dice coefficients were calculated only for the dominant hemisphere in those patients for whom all three language maps agreed on language laterality (43 patients in the anterior ROI and 26 patients in the posterior ROI).
Statistics
For each measurement (NAV, LI, and Dice coefficient), the nonparametric Friedman test 36 was performed to compare across the three tasks using R 37 and Stata software (StataCorp LLC, College Station, TX). We also performed post hoc pairwise comparison test for each task pair using Friedman's pairwise test when the Friedman test was significant across all tasks. We further performed McNemar's test to assess the agreement between the LI results from the fMRI maps and the clinical report. 38 We considered P < .05 as statistically significant, and all between-task pairwise comparisons were corrected for multiple comparisons of the three task pairs using Bonferroni correction. 
Results
The patients' task performance was evaluated by a neuroscientist during prescan training, and during scanning by assessing their alertness and responsiveness in between fMRI runs. Thirty-nine patients had no issues with task performance; 7 had mild difficulty, defined as a few missed responses; and 5 had moderate difficulty, defined as some difficulty with active components of the task (such as difficulty in producing responses without issues with reading or listening to the stimuli). All patients' head motion was at acceptable levels with maximum displacement less than 2 mm in the x, y, and z axes. Figure 2 (A-D) plots all patients' individual tasks' NAVs within the four language ROIs, with the patients ordered according to their NAVs averaged across the three tasks. The NAVs were significantly different among the three tasks in all four ROIs (P < .001 for the left anterior, left posterior, and right posterior ROIs, P = .02 for the right anterior ROI). Figure 2 (E-H) shows the box plots of the three tasks' NAVs within the four language ROIs, and Table 2 shows the Bonferroni-corrected P value of each task pair comparison and the effect size. Within the left anterior ROI (Fig 2E) , both the AG and SC tasks had significant larger NAVs than the AN task, without significant difference between the AG and SC tasks. Within the left posterior ROI (Fig 2F) , both the SC and AN tasks had significant larger NAVs than the AG task, without significant difference between the SC and AN tasks. Within the right anterior ROI (Fig 2G) , there was no significant difference in the NAVs between the task pairs after Bonferroni correction. Within the right posterior ROI (Fig 2H) , the AN task produced significant larger NAV than the AG task, without significant difference between the AG and SC tasks. Figure 3 shows the box plots of the three tasks' NAVs within the language ROIs in the dominant hemisphere, and Table 3 shows the Bonferroni-corrected P value of each task pair comparison and the effect size. In the dominant anterior ROI (Fig 3A) , both the AG and SC tasks had significant larger NAVs than the AN task, without significant difference between the AG and SC tasks. In the dominant posterior ROI (Fig 3B) , both the SC and AN tasks had significant larger NAVs than the AG task, without significant difference between the SC and AN tasks. Dice coefficients between the task pairs in the dominant hemisphere ranged between .351-.458 (Table 4) , and were not statistically different across all task pairs (P > .05). Figure 4 shows an example patient's language fMRI maps overlaid on the structural image. Figure 5 (A and B) plots all patients' individual tasks' LIs within the anterior and posterior language ROIs, with the patients ordered according to their LIs averaged across the three tasks. Table 5 shows the Bonferroni-corrected P value of each task pair comparison and the effect size. Within the anterior language ROI (Fig 5A) , there was no statistical difference among the LIs of the language maps generated from the three tasks (P = .44). Within the posterior language ROI (Fig 5D) , the SC task had the highest LI compared with the AG task and the AN task without significant difference between the AG and AN tasks.
Language Localization

Language Lateralization
Within the anterior ROI, McNemar's test demonstrated no significant difference between the LIs of the language maps and the clinical report that was considered as the pseudo-ground truth for language lateralization (SC/AG/AN = 90.2%/84.3%/86.3%, P > .05 for all task pairs). Within the posterior language ROI, the SC task had a statistically higher agreement rate with the clinical report (80.4%) than the other two tasks (AG = 60.8%, P < .01 and AN = 51%, P < .01), with the AN task having the lowest agreement rate with the other two tasks (Table 6 ). 
Discussion
In this retrospective study, we compared the effectiveness of three fMRI tasks for language localization and lateralization in a large number of neurosurgical patients in order to optimize paradigm selection and fMRI interpretation for surgical decision-making in patients with focal brain lesions. We included a large sequential population of patients with brain tumor and other neurosurgical conditions. Selection of the optimal language task paradigms remains a matter of debate in clinical fMRI, 7-10 because each paradigm yields slightly different results due to differences in sensory input modality, task complexity, and specific aspects of language processing elicited. 5, 6 Studies have compared and quantified these differences for various language tasks in healthy volunteers. Zacà et al 7 and Binder et al 39 compared a battery of language tasks in healthy volunteers to evaluate their performance in localization and lateralization of language function. Informed by this research, we chose a battery comprising two visual presentation tasks (SC and AG) and one auditory presentation task (AN). This is essential in patients who may have different sensory deficits. In addition, the AG task relies on word-level language processing, and the SC task relies on sentence-level language processing; therefore, we could study both semantic and syntactic processes of language function.
Interpretation of clinical fMRI for presurgical planning is further complicated by patient-specific alterations in the functional activation patterns resulting from the lesion itself, including neurovascular uncoupling in high-grade glioma patients and neuroplasticity in patients with chronic or slow-growing lesions with the recruitment of the nonlesional hemisphere. 7, 40, 41 Language Localization A study of 10 male healthy subjects demonstrated that results vary between the tasks imposing greater or lesser cognitive demands. 6 This is likely to be even more significant in lesional patient populations with compromised cognitive function. In the anterior ROI, the AN task produced a smaller NAV, compared to the AG and SC tasks. This raises the possibility that processing transient auditory stimuli imposes greater cognitive demands, resulting in suboptimal stimulation of the language network in lesional patients. Fatigue related to the fact that AN was generally presented last may have exacerbated this effect in our patient cohort.
The finding that the AG task produced a smaller NAV compared with the SC and AN tasks in the posterior ROI may reflect the fact that the word-level AG task may not entail as much syntactical processing as the sentence-level SC and AN tasks. 23 In addition, it is likely that the AN-related primary auditory cortex activation contributed to the larger NAV in the bilateral posterior language ROIs.
Language Lateralization
It is worthy to note that the LI calculated based on the number of activated voxels can be misleading in patients with very low level of activation because weak activation in one hemisphere can produce a high LI when there is no activation within the contralateral hemisphere. In such cases, the high LI may reflect the use of a poorly suited task for mapping function in a given region or reflect suboptimal task performance.
Within the anterior language ROI, all tasks produced statistically similar LIs. Within the posterior ROI, the SC task produced higher LIs, while the AN task produced the most bilateral language maps, possibly due to the inclusion of the adjacent bilateral primary auditory cortex activation. This is consistent with the reports that auditory tasks inherently induce extensive bilateral temporal cortex activation and more overall activation of the whole cortex, while reading elicits more lateralized activation. 5 The SC task had the highest agreement with the clinical report within the anterior and posterior language ROIs. One possible explanation is that the neuroradiologists may have placed greater emphasis on the SC task compared to the AG and AN tasks when reporting the clinical interpretation of language lateralization. This is plausible because the SC task almost always agreed with at least one of the other two tasks and consistently produced strongly lateralized results. Such concordance would carry greater weight in clinical interpretation when the reader is required to synthesize information from different tasks and arrive to an overall interpretation of language lateralization.
Spatial Overlap Across Tasks
The task pairs showed only fair spatial overlap, 4 which is consistent with the literature documenting substantial differences in the language network components activated by different tasks. 6, 42 This result supports the rationale for using a comprehensive battery of different tasks to increase the sensitivity of fMRI language mapping, especially in patients with focal lesions and/or preoperative functional deficits. For example, patients with extreme refractory errors or visual field cuts can generally perform the AG (single word) or AN (auditory stimuli) tasks, but often have difficulty in performing the SC task, which requires greater visual perception and larger visual field. Additionally, in the event of technical failures of one task, the availability of other tasks is of great importance to yield interpretable results for presurgical language mapping.
Limitations
There are some inherent limitations of this study. First, only one neuroscientist manually selected the t-score for thresholding the fMRI maps, which may introduce subjectivity. In our practice, the t-threshold was selected by reviewing the functional maps over multiple voxel-wise statistical significance thresholds and selecting a map for optimal activation visualization based on prior anatomic knowledge. This procedure is in agreement with the current guidelines by the American College of Radiology. 26 Additionally, selecting higher t-scores tends to give a more lateralized functional map. 43 To mitigate the effect of thresholding, recent studies have proposed threshold-independent approaches for LI calculation, however, these approaches are not widely used in clinical practice. 9, 44 As our study focused on the clinical use of language fMRI, we used the t-score that was selected by the same neuroscientist and reported for clinical implementation. Second, while the patient population was selected to allow us to investigate real-world application of fMRI in lesional patients, some lesions involving the language pathways may have altered the patients' ability to process language and, therefore, perform tasks. All patients underwent a prescan training period in order to reduce bias related to impaired task performance allowing a straightforward statistical analysis. We chose to include only those patients who could follow and respond to all three tasks during the prescan training period, because it would be difficult to draw conclusions on the utility and robustness of the various tasks in the patients whose fMRI was of limited or nondiagnostic quality. Third, the order of the task presentation was not counterbalanced, which may result in suboptimal performance of the AG and AN tasks due to progressive patient fatigue. Fourth, our patient population was heterogeneous with regards to pathology and lesion location. This may have influenced our results, since the lesions may have differently altered the fMRI signals, depending on the nature of the pathology and its proximity to the language areas. However, this is an inherent limitation of clinical fMRI studies. In our study, we have accumulated a large database of the patients who underwent the same series of language fMRI tasks, and we expect that this represents the real-world scenario of clinical application of fMRI.
Conclusions
By comparing three widely used language tasks in a large cohort of lesional neurosurgical patients, we found that the SC task produced the largest activation volume within the dominant hemisphere, all tasks generated similar LI within the anterior language ROI, and the SC task produced higher LI within the posterior language ROI. The low Dice coefficients confirmed that there was substantial variability in the language network components elicited by different tasks, reinforcing the necessity of including several tasks in presurgical fMRI protocols to increase the sensitivity of fMRI language mapping.
